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Outline

 What is scattering and what does it measure?

* Traditional Elastic Scattering
* Wide-angle scattering and diffraction
* Small-angle scattering
* Reflectivity

* Coherent Scattering Techniques
* Coherent diffractive imaging (ptychography)
e X-ray photocorrelation spectroscopy (XPCS)

* Resonant Soft X-ray Scattering
e Sorting out order in molecular systems
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What is X-ray Scattering?

* Photon changes trajectory after hitting electron

X- ray ph ton .
20 (scattering angle)

\/ \/ \/ \/ electron

* Interferes with other photons at detector

detector

A A A .
X-ray vV VvV V .
source Q
A A A . o«
vV VvV V¥V’ &8¢
?"‘ﬁ%ﬁ . .
e Intensity vs angle (6) tells about r Ag ‘LEtet’m";,es ’fio';f”““"’e
. or destructive interjerence
(distance) between scatterers E.g. Bragg’s Law:
2d sinf = mA ' ‘
ALS )
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Scattering: Statistics of internal structure

* Crystal atomic spacing, arrangement
Strain, defects (faults, disorder)
Thin film orientation
Grain/crystallite size
Macromolecular structure

Interstitial atom Substitutional larger atom

Vacancy Frenkel-pair Substitutional smaller atom ' ’l
ALS >
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Scattering: Statistics of internal structure

PN ShY
WSy
Ay T TRN A

50'nm

e Crystal atomic spacing, arrangement
e Strain, defects (faults, disorder)
* Thin film orientation
* Grain/crystallite size
 Macromolecular structure

* Nanoparticle size & shape
e Statistics if disordered
 Conformation of macromolecules

Micelle

Hydrophilic head

Solvent Quality

Temperature
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Scattering: Statistics of internal structure

e Crystal atomic spacing, arrangement
e Strain, defects (faults, disorder)
* Thin film orientation
* Grain/crystallite size
 Macromolecular structure

* Nanoparticle size & shape
e Statistics if disordered
e Conformation of macromolecules

* Nanophase separation/identification
 Composition, volume fraction
* Pore size, volume
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Scattering: Statistics of internal structure

Crystal atomic spacing, arrangement
e Strain, defects (faults, disorder)
* Thin film orientation
* Grain/crystallite size
 Macromolecular structure

Nanoparticle size & shape
e Statistics if disordered
e Conformation of macromolecules

* Nanophase separation/identification
e Composition, volume fraction
 Pore size, volume

* Thin film stratification
* Thickness, roughness

All non-destructive measurements!
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Size Scale Sensitivity
* Bragg Law: 2d sinf = A

A R

SAXS

* dmin"'z
* dmax X Hmin
(beam size/divergence)

* SAXS vs WAXS
e Switch 8~2° for hard X-rays (10keV)
* Accomplished via detector distance

. ~?;';1;. CeD
Object @ &p @
Sijze ' ..... *
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Soccer ball Cell Virus Atom g
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101 being
1 pm 10m 1pm Wavelength
l l l 1 |
= @ .
Visible light
Radiowave Microwave Infrared w::',':m Soft X.ray Mard X-ray | Gamma rays
1neV 1peV 1 meV 1keV 1 MeV Photon energy
. . " . . -
Synchrotron
light source
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Scattering: An FFT of your sample

Elastic Scattering A(x) = Ay cos kx = Aetr*
21 k_0> detector
ol = ksl =5 A A A,
No energy transfer X-ray V VV
source
A A A . o
Constructive Interference vV V V 3;-.6&
Ager(r) = bee'? k & ¢ =—(kp — ko) -7
Sum over illuminated sample ‘ﬂq = Ak =-—Ak-r
Ager(q) = f pe(r)e‘i‘l""dr k, q = 2k sin 6 =—q-r
1%

Fourier Transform of the electron density distribution!
(Just like electron microscopists do, but huge sample)

Measure intensity, lose e 44T
T: ‘Real Space’ Y

q: ‘Reciprocal Space’ ) I(q) = A4 (q)
‘ : ) Can’t take IFT to recover p, (1)
Also ‘Spatial frequency
. ...except for COSMIC!!!
Big g = Small r

&

| | ALS So)
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Experiment

Detectors

e Point Detector: High g-res
* high crystalline materials

* Area Detector (CCD): speed
e amorphous, in-situ studies

Sample Geometry

* Transmission: probe mainly in-plane (IP) structure
e Similar to transmission microscopy (TEM)

* Grazing: Probe both IP and out-of plane (OOP) structure
* Analysis might be more qualitative/complicated...

* Reflectivity: Probe only OOP structure

Beamstop
CCD Detector

Grazing Incidence: Multi directional scattering

>
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Diffraction modes and their applications

* Powder: isotropic crystal orientations o0
* See every diffraction peak in one I(0) scan = | FCCWN
* Get Bulk Properties 3 || Powder
* Thin film: isotropic IP, but orient OOP £ ¢
* Use grazing sample geometry £ J\
* Confinement/interfacial effects “"'*»JUL | M.

30 40 50 60 70 8O 90

26 ()
K. Huang, Sci Rep (2015)

* Single crystal: (point detector)
e Strain states, defects, atomic effects

| |—Data
— Fit ]

Full Model

IJ.‘.\“ b3
s 3
B T (3

&

Callins, I5RB 2508 Qe [(NnM7] »,
| 3%6 =400 '(4?)4 ') R. Steyrleuthner, JACS (20149 “
L [Reciprocal Lattice Units] 11 ALS ‘l‘
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Peak broadening: Grain size & disorder

Instrument Resolution
(beam divergence, size, A1)

Nanocrystal Size
Coherence Length

Scherrer Analysis
27TKShCLpe
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Intensity (arb. units)

Debye-Waller Disorder
(Thermal, random)

Paracrystalline Disorder
Builds up over unit cells
Warren-Averbach Analysis
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Crystal orientation in a thin film

* Interfaces affect crystal orientation distribution in thin films
 Distribution obtained via “Pole Figure” from GIWAXS
* Relative Degree of Crystallinity from integrating pole figure

Electron Conducting 1000 g

Ponmer “N2200”
() “Face-On” “Edge-On”

Intensity/Volume [au]

CB R CN:Xyl |

annealed j§

E LR =l N T
S
G [nm] Steyrleuthner, JACS (2014) 0 %0 -0 (;°J 3060 %0 é"‘
y Hogiz
Vertical i
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Intensity/Volume [au]

Aggregation-crystallinity-charge transport
in conjugated polymers

o o o o
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Small angle scattering Vil

e Larger scale than atomic/molecular D > 1nm e
* Have to be careful of direct beam!

* Dilute particulate systems
» Scattering within particle gives shape and size
* Incoherent scattering between particles

* Phase separated structures
 Mean domain size, interphase boundary

 Larger periodic structures from macromolecules
or biomolecules

TN
T
W

\4
m.'

50 nm '
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SAS Data Analysis: Dilute Particles

* Simple particle shapes: Get dimension statistics
e Spheres, Rods, Disks (distribution of radii and length)
* Assumption: equal probability for all orientations

* Guinier Law: Get size if you don’t know the shape '@, 1
* Particle “Radius of Gyration” R, y W
* Assumptions: q < 1/Ry, dllute (C < 1v.%), no other scattering

e(I0)) . 2.2 1 2p2
A lim I(q) = pev-exp(—39°Rg)
q—0
= 08
Ln(1) ks
) ®o0 ‘:§ 0.4 |-
Slope = - Rg?/3 :
| q.Rg<1.3 T
(for small globular proteins) | i
00
g2 " '

ALS = “
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SAS: Two-phase systems .

e Auto/Pair Correlation T'() =IFFT[i(q)] .
* Avg length scale of domains (sizes, distances) =i

* Porod Invariant Q= jl(q)dq =Vpi12lApel* T

* Phase volume fractions T
 Domain ‘contrast’ (RMS fluctuations)

n

_ 2t S Emgry University
* Porod Law lim 1(9)/Q = T
.o . 1¥2
e Specific Interfacial Area
* Interface roughness/diffusivity Mesoporous Structures
1004
maller Sizes
10
£l
=]
)
= Rough
[x g3
0.01
0.02 005 0.1 0.4 P
Rough Sharp Diffuse shm™ ALS ilﬁ
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Data Processing
* NIKA — processing tool coded by Jan llavsky (ANL)

* Runs in Wavemetics’ Igor Pro = T, =TT

Get Help ]

* Converts 2D CCD data into I(q) S
° H a n d I e s m Ost d ete Cto rs Select input data here Invert 0,0 comer?  Sortorder: [None =

Refresh using Right click

* XICAM - Next generation e

° . Store image
processing/analysis tool
Live processing
Match (RegEx) Sample name
[ ] )
Select contiguous range : Start |- =
Int. Calibration: | Arbitrary End |--- =
Main Par Mask Em/Dk Sect. PolTran LineProf
Sample to CCD distance [mm] | 500 =
Wavelength [A] |1 = X-ray energy [keV] | 12.3984 —
Direction X (horizontal) Y (vertical)
CCD pixel size [mm] |1 2 CCD pixel size [mm] | 1 o
Beam center [pix] | 500 = Beam center [pix] | 500 g
Horizontal Tilt [deg] |0 Vertical Tilt [deg] | 0
Beam Size [mm] | 0 Beam Size [mm] 0
Use sample thickness (St)? Use pixel sensitivity (Pix2D)?
Use sample transmission (T)? Subtract constant from data (Ofst)?
Use sample Corection factor (C)? -
. R Use 10/10ef for empty field?
Use Solid Angle Corection (O)7
Use Monitor (10)? Use sample measurement time (ts)?
Use Dark field (DF2D)? Use empty measurement time (te)?
Use Empty field (EF2D)? Use dark field measurement time (td)?
@) Display only Process image(s)
Process sel. files individualy
@ ) Display RAW data? Scale Img x | 1 =

Average all selected and process
Average N of selected and process Display Processed? Display beam center?
Display sects/Lines?

Colors | Terrain w 3
Log Int display?

User def. Min/Max? Image with Q axes?
Img w/Q axes with grids?

Display Color scale?

(=
 ALS ~)
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Modeling I main panel (== ]==]
Modeling IT %
Data input usaxs Stodel
[} QRS (Q15)
Data fidr: | FL27data 7 Fidr -
a a | l a S I ; Wave with X | f127_283p7_q - Wi -
Wawe with ¥ |f127_2B%p7 r -
Error Wave | f127_28%9p7_s | Rebinta: [0

[ Remaove all ] [ unUse all ] [ Config Graph ] [ Graph (ReGraph) ]
hare parameters [m]

* IRENA —by Jan Ilavsky (ANL) Igor Pro S o 4 et

Multiple Input Data sets? Units:  Arbitrany No Fitting Limits?

1P [ 2P _Ji3r [car [.sp [L6r [.7e Joar [ .8p [.10R ]

* Power Diffraction fitting

Model : | Size dist ¥ @R dist auto? Sermni-auto? Manual?
. . Num pnts: | 50 R dist neglect tails | 0.01

® Pa rt I CI e IVI O d e I I n g V |Log R dist? Distribution type - |Schulz-Zimm ~

Form Factor - |Sphercid ¥
PY G u i n i e r A n a I S i S Size Dist. is: Volume distribution of Radia

y Scale T44732e-16 #| |V|Ft?  Min [400157e-1¢| Max | 1L6007Se-1
Mean size [A]= |EL26E1 &| V|7 Min | 387683 Max | 155.073
| VT min (117214 Max | 146526

* NCNR/NIST SANS Analysis

i Igor ‘ ro Structure Factor - |HardSpheres + SF. Help

° F |t2 D ( E S R F) Comrast 10020 = [180

Genetic Optmiz? | |Use15QF? | Fiell | [ P13 | [ Storein Foider |

1073 o s Z!i_ [ colcutstemodel | [ FtMode | [ Tagstogmph | [Storein Notebook|

""""""" :.: [AnaLUncena'ln'rry] [ Reverse Fit ] [ Remnove Tags ] [ Store in Waves ]

289.7 eV

® Data | N . —270ev | [

“|— Model Fit| R . /\ 2897 evl |

Always need model for accurate interpretation! | r T TITTIITITTITTT T ETT P

(Good to pair with microscopy) Volume distribution of Radia [A] . N
Slas . ALS o)
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)
S

log(Reflectivity)

Reflectivity:
Nondestructive depth profile

e Resolution depends on g-range &
”KieSSig” fringes (1_2 nm) Thin Film A

Thin Filin B

e Software: Motofit; Refl1D (NIST) —

reflected heams

10°4 =
0 d) s . H \
$i0,/Mo0, PC,,BM SLD 107 ""1 \
\
41 Blends ]'_q, ™
~ & /AR
o = 110 Lo
£ 3 = AN e .
c '5 ILJ u \ surface Roughness
“To O Density “n.' \_.
g = 40¢ ensity  f T
2 @ T
03) CE 3 ﬂ' .‘!'"'. HL."""-.._
sM1 SM1 SLD Fim o T
Blend Fzzzzzzzzzzzzzzozozsfezs 107 ] |__T R —
! SM2 SLD | - ‘AA‘W\
4 SM2 1 Thickness -
-8 v T u T r T T Blend 0 T T T T 1 10_“: T T T T
0.4 0.8 12 0 20 40 60 80 100 0 1 2 3 4
Q(m’) Distance from Si (nm) Angle of Incidence (degrees)
Alghatani, Adv Energ Mater, (2018)
\

. ALS >~
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Coherent Scattering SRS

* Every source some coherence

* Depends on source size, beam
length, and spectral bandwidth

* Make beam fully coherent O
via a pinhole the size of http://amasci.com aPerture  filtar
the coherence length

 When scattering, get ‘speckle patterns’
(complex interference pattern)

e Can use to ‘solve the phase problem’
to invert pattern into spatial image
e “Coherent Diffractive Imaging” — ptychography

* Can monitor in time to capture dynamics
» X-ray photocorrelation spectroscopy (XPCS)

Shpyrko Group UCSD
|~
&5
 ALS =)
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Ptychography

» Scattered wave is FFT of density distribution B N~ e
A(q) = FFT[p(r)]

 Measured intensities: Only the amplitudes!

I(q) = A(@)A"(q)
* Can’t take an inverse FFT to get p(1) back!

* Coherent Diffractive Imaging recovers phase
* CAN get p(r) maps or even tomograms!

* Overlap coherent beam over sample
* Diffraction limited microscopy

”
, ALS “= “

ADVANCED LIGHT SOURCE

Dierolf, Nature, (2010) Thibault, Science (2008)
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9.

X-ray Photo Correlation Spectroscopy

Time scales of dynamic processes at the nano/atomic

scale

q=0.0311 A"
T =225.3s |

100 1000 10 100
t (s)

1000

b c

qz(A-1)

—20nm !

monochromator

L

compound
refractive
lenses

focused
beam

3.3m

Carnis, Sci Rep (2014)

3
0.01

0.005 2 -
=%
o
5}
=
10

-0.005

. 0
a0 0.005 0.01 0.015 0.02 0.025

ay(A)

|At |

sample to detector
distance ~5m

Correlation functions at specific g-values for NPs in a polymer melt

10/4/2018 Light Sou

rces 101, ALS User Meeting 2018
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X-ray energy: New dimension in scattering

* Combine spectroscopy and scattering
* Adds chemical information to structure measurement

* Elemental absorption edge (NEXAFS or XANES)
* Organics: Carbon/Nitrogen/Oxygen — bond-sensitivity!
* Metals: Fe/Co/Mn — oxidation & spin state sensitivity!

_ 2T
I1(q) = jApe (r)e™'" pPe = ’re_/ln Refr. Index: n(E) =1 — 6(E) + iB(E)
PS
- __CH-CH, —
rom wole Xray\ Molecular Fingerprint @
B(E) —ps
* Q| ——PMMA ovp
$<; 4 ———P2VP
< — CH-CHy —
LR WA * @)
ij PMMA
— ‘ ' —C (CH3)CH,—
kﬁ 1s # / 1Sj)°n*/c_c / 290E V) \ 300 (:fom.%
1s > n*., 1s > o™, - ’ ‘\
10/4/2018 Light Sources 101, ALS User Meeting 2018 ALS
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RSoXS: Bond-Sensitive Scattering

* Resonance: 100x better contrast, No Tagging Sample
e I(E) o< |AA(E)|? (n - index of refraction) Resonant X-rays ‘;,j.’;;fa
* Contrast variation (w/out isotopic Iabelmg)ﬁ 72 ’/) 'ﬁ"
* Non-resonant: roughness, porosity —> 29
* Resonant: Material domains Vh%
* Domain compositions/purity L0 |
from Total Scattering Intensity (TSI) Substrate
TSI = f 1(q)q?dq < (Ax)? w  ZTOE
0 =\
Contrast: |[An(E)|? z ;
5 [T T |‘||||||| T T —— E ]
10 Boe—=r—== 2 .
------ ~—— PTB7 Vac \/\/
% 10" ::_TT?MV“ v o o Molecular
o0 LM e = r Domains
10 e e
Soft X-Rays 1 " & Roughness
2 —l-III 1 !I 1 IIIIII 1 1 I\III 1 I | I I I |
10 6 8 2 4 6 8 2 ?b '
275 280 285 290 P
102 Photon @fergy\ Photon Energy [eV] l 3
=
10/4/2018 Light Sources 101, ALS User Meeting 2018 25 ALS <
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b
JF?%PS-PM MM

Measuring Nonplanar Interfaces A __ A~

* Block copolymers have known morphologies

 Thermo properties determines limits of
nanostructure (energy cost of mixing)

* Bottom-Up assembly for sub-10nm devices
* Need to measure w

* Porod Invariant & Spectral Analysis —

1 S s E
fI(CI; E)q*dq = V|Axy,]?|Any, (E)|? (¢1¢2 —__W> | TSI(E)
TSI(E) i |

J2V

Mixing w

w=4440.7nm e e
15t measurement of
non-planar interfaces
in thin film!
-

Ferron PRL (2017) \ N
. ALS ¥o)
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RSoXS Data Processing Tool for 11.0.1.2

* Wrapper on NIKA to incorporate energy series into
scattering experiments

e Download at Collins Website
https://labs.wsu.edu/carbon/xray-analysis-tools/

11.0.1.2 Data Reduction Panel

Browse CUsersColinsLab:DeskrooJanuary DataCCD:

Update |Beam Cu « fsoovssaosomoe.:

€831 -
5832 -
£833 .
S84 .
5835 -
$836 -
5837 -

5842 -
5843 -
5844 -

1 image(s) PS100_Jowg 4
1 image{s) PS100 Jowg 4"
12 image(s) TG Jowg 4
12 image(s) T07 Jowg 4
12 image(s) TOE Jowa &
12 image(s) TOS lowa 4
12 image(s) T10Jowa 4

12 image(s) TOS_HiQ_4
12 image(s) TO7_HiQ &'
12 image(s) TOB_HIQ_ &'
12 image(s) TOS_HIQ_4

- 12 image(s) TI0_HIQ 4
- 12 image(s) T05.HIQ. 4
- 12 image(s) T20_.HQ 4
- 12 image(s) T20_HiIQ 2.4'
- 12 image(s) TOO_HIQ_4

1.270 vs 100 (Beamiine Energy & £PUpol)
2_270 vs 100 (Beamiing Engegy & EPUpol)
3.270 vs 100 (Beamiine Energy & EPUpol)
4_28351 vs 100 (Beamiine Energy & EPUpo
§_284.41 vz 100 (Beamiine Energy & EPUpo

6_2853 vs 100 (Beamiine Energy & EPUpol)
7.270 vs 190 (Beamiine Energy & EPUpol)

5838 - 12 image(s) T0S lowa 4 £.283.5 vs 190 (Beamiine Energy & EPUpo)
5830 - 12 image(s) T20 jowa 4 ©.284.41 vs 180 (Beamiine Energy & EPUpo
S840 - 12 image(s) TOO Jowg 4 10,.285.31 vs 190 (Beamine Energy & EPUp
£841 - 1 imagefs) PS100_HIQ4L 1128531 vs 190 (Beamine Energy & EPUp

1228531 vs 190 (Beamine Energy & EPUp

Energy [2853 Sample X [3473
Polarization ﬁ:o Sample Y f;izs
Exposure |20 Sample Z [-19

..............................

og Image
Mask Beam Cenen Selection
' Display Sectors / Display Mask ’

ALS‘ “
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https://labs.wsu.edu/carbon/xray-analysis-tools/

Polarized RSoXS: Spatially correlated orientation

* Angle-dependent NEXAFS Spectroscopy:
sample average molecular orientation due

to transition dipole moment (u)

I~pgpg - E ;
* Can use microscopy and scattering to

measure local orientation
€ Iscatt"'(ﬂl — ﬂz) - E

1000  2m/q[nm] 100 10
IIIIII T T IIIIIII T T

- orbital Internal Interface

o*- orbital

* g [au]

Intensity

n L $ = K" S = 2
' | -~y PSRl ™

STXM: P3HT dark phase

- Pa
Collins et al., Nature Materials (2012). Collins et al., Nat. Mater. (2012). l ‘
. ALS ¥
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Quantifying Scattering Anisotropy

2n/q (nm)
g 400 200 100 5040 30 20 nature —_l
o L T AL B RLAR U
& Parallel (20°) phOtOIllCS
m Perp. (20°) : >SS -
0 i : : > s photoliaics
S o Anisotropy Ratio s
o AQQ) = Is(q) — Ip(q) s
Is(q) + Ip(q) SR
.IO » 4
o
L ' 2 3 4 56789 2 3 ORTICALCOMMUNICATIONS
0.0 005, 0.1 A B oo
gy (nm ) (nm ) hydrogen A A
fluorine O ®
* Magnitude: Degree (statistics) of molecular
ordering

Sign: Preferred orientation in nanostructure

-0.2

0.0 0.2 04 0.6
Degree of Molecular Orientation
Tumbleston et al., Nature Photon (2014).
10/4/2018
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RSoXS: High-Dimensional SAXS/SANS

10 — T T
Deep characterization of 10::/\\Energy;v
molecular nanostructures . /\

';_' ) — 270
S 10 283.5
g 10 —\/\ ~ Sees
Chemical Ordering £10°F — Seas

296

N
©
N

|_\
Ol
5
1s] _OsAususyul

Energy [eV]
[ee]
(o]
|_\
ol
z

1-

284

wu
[..

GBPI :

Walsh, JACS (2015) &

ALS %w
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Operando Environments

* Liquids, temperatures, electric fields

* TEM flow/electrochem cell by Protochips
* Testing stage

* New RSoXS instrument designed by David Kilcoyne
* Assembly and testing starting August

Protochips ./~

Penn State (Gomez), | Multimodal Charac_terizati'on!
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Ssummary

 Scattering reveals statistics of ordering I
e Atomic —> nano —> micron sizescales

e Crystalline —> amorphous materials *©

* Inorganic —> organic —> biological materials

* Many opportunities at the ALS for
scientists of all disciplines
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